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INTRODUCTION 
Nitrogen has commonly been a deficient element in the cultivated 
soils of the world since the beginning of agriculture. The general 
acceptance of the practice of using marrures as a 1118ans of increasing 
plant growth, as shCMn by the records of ancient civilizations, attest 
to this fact. Since the time of von Liebig there has been an increasing 
awareness of the importance of this deficiency in soils. As a result 
of a better understanding of the problem and the increasing availability 
of co11111111rcial !onns of nitrogen, a rapid increase in the use of nitrogen 
fertilizers has taken place in the last few decades. 
This increasing use of commercial forms of nitrogen 1s accompanied 
b7 the need for more information concerning the proper use or these 
materials in order to accomplish the greatest benefit. For example, 
with the advent of increasing use of ammonium fertilizer to improve soU 
productivity, there has arisen a possibility of lengthening the period 
from ~~e date of the fertilizer application to the time of utilization 
by the crop. This advanced application, especially in the fall of the 
year, has many advantages and is widely advocated. The following ques-
tions need to be answered in connection with the efficiency of such a 
practice 1 Will the ai!IDOnium form of nitrogen remain unoxidized in the 
soil over the winter months? Will it be fully oxidized to nitrates 
even at low temperatures and subjected to losses by leaching or denitri-
fication in case of the high moisture CO!ll!lonly occurring ~ring the 
winter and spring months? Could it be only partially oxidiZed and 
2 
result in an accumul.ation of nitrites that may cause toxicity or be lost 
from the soil in a gaseous form such as nitrous oxide? What are the 
chances for significant losses by volatilization before it is oxidized? 
How does the amount of moisture and the prevailing temperature affect 
these transformations? 
The study reported here is an endeavor to contribute to more com-
plete aDBWers to some of these questions, Although much research has 
been conducted relating to the effects of moisture or temperature on 
nitrogen transformations in the soil, more information is needed cover-
ing greater variations in the moisture and temperature levels along 
with the interactions of these, Accordingly, experiments were conducted 
under carefully controlled condi tiona to •a sure the changes occurring 
in the inorganic soil nitrogen from an applied ammonium source, at 
various moisture and temperature levels. 
REVIEII OP IlTW 'l'URK 
'lbe J1 t~ Becteri& 
Sinoe the n1 trogen tranafol'lll& tioRB reported in this s tlldy are per-
formed by the nitrif'ying bacteria in the aoil, it is well to IIJlntion a 
few basic facts about these organisms as reviewed by loleikljoon (1953). 
They cannot use the decomposition products of organic material for 
their energy but are entirely dependent on the oxidation reaction that 
they carry out for their energy, Accordingly, they are autotrophic. 
One familiar group of the ammonia oxidizers is called Nitrosomonas. An 
important group of the nitrite oxidizers is called tli trobacter. Carbon 
dioxide is the source of carbon for the cell substance of these 
organisms . 
Other COI!IUOnly accepted facts about the ni trifiers ares (1) they 
grow faster in darkness; (2) they are aerobic; (3) they tolerate a 
fairly wide range of acidity; (4) they require certain inorganic 
llUtrients such as calcium, phosphorus and iron; and (S) they adhere to 
and proliferate at the surface of solid particles. 
The biochemistry of nitrification in the soil has been studied by 
several workers (Hofman and Lees, 1953; Lees and Quastel, 1946a, 1946b) 
by use of the soil perfusion apparatus. One of the interesting conclu-
sions from these experiments is that the rate of nitrification of a 
given quantity of ammonium sulfate is a function of the degree to which 
the ammonium ions are adsorbed on the particle surfaces in 1he soil 
cation excbanp c0111plex. The greater the amount of adsorption, the 
faster is ~· nitr1tiaat1on.1 
3 
Koi!ture Et~ta on lfitropn TraM!OJ!!tlO!! 
Surprisingly little detailed study of the effect or moisture on 
nitrogen trans!ormatio!lB was found in the literature. An early and 
quite extensive work concerning the infl.uence of moisture on the hac-
terial activities in the soil that should be mentioned is that of 
Greaves and Carter (1920). Twenty-two soils or typical farm land of 
4 
Cache Valley were studied. Their moisture holding cap1.ci ty ranged from 
31 to 78 percent of the oven dry weight. Nitrifies tion was at ita 
maximum at 50 to &J percent of its water holding capacity- and varied 
with specific soils. 
Russel _!! !!• (1925) made a study of moisture and temperature 
factors in nitrate production on some Nebraska soU.. 'lbl7 !OUDd DO 
nitrate production at the hygroscopic coefficient !lilt. obeerftd 1bat 
nitrate production increased with an increase in moisture up to 1 l/4 
times the moisture equivalent. They noted some ni tritication at as low 
as 5° C and found that it stopped at 55° C with a maximum of nitrates 
produced at 35° C. 
The o~ work found dealing specilically with the low moisture 
range (the wilting point and below) was a recent p1.per from Africa by 
RobinBon (1957). He found that active nit.rilication of the natural 
soil nitrogen stopped at a soil moisture level just below the pemanent 
wilting percentage. AOJDonif'ica tion of natural nitrogen in this soil, 
however, did not cease at this moisture level and ammonium nitrogen 
accumulated substantially-. Limited application could be made of these 
results since he was using a tropical soil (pH 4.8 to 5.6) , and the 
method he ueed for controlling the moisture is questionable. The 
samples were kept in flasks plugged with cotton wool, and moisture was 
added daily with a fine spray accompanied by shaking. At the low 
moisture levels it seems that adequate control would be very difficult 
by this method. 
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Another recent !Bper from Africa by Calder (1957) used more accu-
rate moisture control methods by means of a specially designed apiBratus 
for humidifying the air going over the samples. However, no attempt was 
made to go as low as the permanent wilting point. He pointed aut that 
the accumulation of nitrate in unenriched tropical soil was not specifi-
cally favored by any stable moisture content between the limita of 15 
and 45 percent water on a dry soil basis (wilting point equal to 12 .5 
percent and field capacity equal to 25 percent). Change of moisture 
status during drying was accomiBOied by the appearance of much more 
nitrate than under steady moisture conditions . Fluctuation of moisture 
status about an optinrum average of 22 to 23 percent seemed likely to 
provide the most favorable conditions according to his investigations. 
An interesting observation concenling the relationship of soil 
moisture to the nitrification process has been pointed out in a recent 
IBPBr by Birch (1960). Investigating air dry storage periods of 3 to 
15 weeks, he found that the longer a soil was kept in the air dry state 
in a torage prior to moistening, the hi~er the amount of nitrification 
ai'ter moistening . ll'ith high humic soils drying produced extra nitrogen 
on moistening, sometimes equi'ftl.mt to Oftr om ton ot aw.t.t. of 
8J!IJDOnia per acre. Even witb low buai.c aoila, wlUN of about 300 powx1a 
were common. The 1119chanism possibly invol'ftd is suggested b7' Birch u 
being the result of drying increasing the surface area of the humic gels 
or ni trogeneous colloids. Although not suggested by him, it seems 
possible that this increase in nitrification could be associated with 
the ammonium nitrogen accumulation in dry soils mentioned above by 
Robinson (1957). A similar inoreasing effect of previous air drying on 
6 
nitrifi cation was noted recently in some Sooth Dakota sells by Harpetead 
&lld Bra~ (1958). 
'l'!!p!ratunl Stfecte oa R1. troen Tranafor.ati~ 
tbe literature ill consi~:rabl,y 1110re voluainaus with respect to 
temperature effects on nitrification than it is in the case of moisture 
effects. Until recently, h011ever, there have been vezy few studies 
reported on the effects of low temperatures (around the freezing point ) . 
Early studies such as that of 11'aksman and lladhok (1937) were primarily 
aimed at determinine an optimum temperature. 1beir paper suggested 27 
to 37° C as the most favorable. 1bere is , however , much disagreement 
i n the literature about the opt.i.Jmlm range for nitrification. 
One of the earlier and most inclusive studies of the effect of 
temperature as a factor in nitrogen changes was done by Panganiban 
(1925 ) . He included the effect of conBtant and alternating temperatures 
in connection with ammonification , nitrification, denitrification and 
nitrogen fixation under both aerobic and anaerobic conditions. He found 
that a!ll!lonification took place at constant temperatures between 15 and 
60° C and that at higher temperatures the rate is faster. He slx>wed 
that nitrification took place between 15 and 40° C and that the optimum 
temperature in soil cultures was about 35° c. 
As late as 1956 Sabey ~ !!• (1956) made the statement that 
although it had been l ong known that temperature affects the rate of 
biological oxidation of amonia, specific data showing the magnitude of 
this in the critical low temperatu re ranges was not found in t he litera-
ture. They reported an optimum nitrification temperature of 25° C with 
no nitrification at 0° C. In general, rates were about 50 , 25 and 6 
percent, respectively, as rapid at 20 1 15 and 8° C as at 250 c. 
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Later in the same year, Frederick (1956 ) reported on the effect of 
temperature on the formation of nitrate from ammonium nitrogen. Four 
soUs were studied under laboratory conditions. The fol"liBtion of ni-
trates took place at all temperatures srudied between 2 and 35° C when 
other factors were favorable. The rate of nitrification increased with 
increase in temperature, with the greatest increase between 7 and 15° C. 
lhe opt!.wm lay between 27 and 35° C, and no sharp break was f oUDd until 
tbe temperature went below 20° c. In a.-e. ellt-l.ou. a1Mtn, drained 
alluvial &lUI caleareoua soU of ~rate orpnic l!lllt"ter and pH 7. 7, 
nitrate nitrogen was formed at rates of 2, 10, 45, 00, 90 and 120 ppm 
per week at 2, 7, 15.5, 21, 27 and 35° c, respectively, until the 200 
ppm of added allliiiOnium nitrogen was oxidized. The rates in the other 
soils were progressivel y less, with the slowest rate in Clennont silt 
loam which is a poorly drained soU, low in organic matter and with a 
Ji:1 S.o. Temperature fluctuating in a 24-hoor cycle (ae under field 
conditions) generally resulted in an incrMsed rate of nitrification at 
temperatures below 15 .5° C and a decreased rate above 15.5° c. An ap-
plication of 50 pounds per acre of ammonium nitrogen in soils like the 
Genesee silt loam could be nitrified in about two months even -..hen the 
avern.ge temperature is near freezing (0 to 2° C). 
· In a later srudy Frederick (1957) considered the effect of the 
population of the nitrifiers on the formation of nitrates and related 
this to the temperature over which nitrate fonnation from ammonium 
salts occurs. He concluded that differences between soUs in regard to 
the temperature range over which nitrate formation from ammonium salts 
occurs appear to be due to differences in the initial poPJ.lation of 
nitrifiers. Sabey, Frederick and Bartholoiii8W (1959) investigated the 
i.n!'luence of temperature and initial population of nitrifying organisms 
on the maximum rate and delay period of nitrate formation from ammonium 
nitrogen. This study showed that the influence of temperature and 
nitrifying pop1lation on delay periods and maximum rates varied greatly 
among soils, indicating that other factors inherent in the soils also 
affect nitrification. 
Anderson and Purvis (1955) and Anderson (l96o) gave p;lrticular 
attention to the effect of low temperatures. SoDI! nitrification at 37" 
F occurred in six weeks in all soils tested. They also found much 
variation in both delay periods and maximum rates between soils. 
Stojanovic and Broadbent (1957) studied the influence of low tem-
peratures on nitrogen transformations in Honeoye silt loam. They used 
5 and 10° C with an incubation period of six weeks. One of the inor-
ganic sources of nitrogen used was alll!lonium sulfate. A substantial. 
amount of nitrate nitrogen was formed at 5° C during the zero- to two-
week interval. 
Another recent study of low temperature effects on nitrification 
was made by Tyler!!: al. (1959). Using California soils and tempera-
tures of 37, 45 and 7SO F, they observed that nitrification proceeded 
at a moderate rate at 45° F even though this was somewhat slower than 
at 7SO F. A greatly reduced, though still m&asurable, rate of nitrifi-
cation was observed in these soils as low as 3f' F. 
hrt.Uiaer lttect. on R1tropn Tranaforaua.. 
5neftl 'IICil'ke:rw have inwatigat.d the possible inhibitor,y effect 
of high amounts of ammonium fertilizers on the nitrification process. 
The acCW!!Ulation of nitrites has been associated with this problem. 
Chapman and Leibig (1952) suggested that wherever fairly high ammonium 
concentrations and neutral to alkaline soil conditions occur, rnore or 
8 
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less nitrite accumulation may be expected. Broadbent _!!! !1• (1957) 
stated that the formation of considerable quantities of nitrite in ths 
alkaline soils that they studied may be explained on the basis of the 
inhibitory effect of free ammonia on the activities of the Nitrobacter. 
In their study of six California soils they used six levels of added 
8111Dlonium nitrogen ranging from 0 to 800 pJXII, their purpose being to 
represent a typical cross section area of the fertilizer band as applied 
in the f ield. They found that nitrification was itilibited at the higher 
levels of applied ammonia and, in the case of one soil, this inhibition 
was evident as low as the 200 PJXII nitrogen addition. They suggested 
possible causes for this inhibition other ~ the presence of free 
aumonia, especi&lly in alkaline soils, such as >if or aalt effects. 
Mcintosh and Frederick (1958) studied the distribution and nitrifi-
cation of anhydrous ammonia applied with a field applicator by sampling 
an 8 x 8 x 2 inch cross section perpendicular to the applicator row. 
Ammonium n1 trogen and nitrate nitrogen were determined on each one inch 
square subsample. Ammonium III. trogen decreased from a maxiJilum concentra-
tion of l,JOO to 2,000 ppm at the center to less than 200 ppm in the 
area about 1 1/2 inches away !rom the center of the retention zone. 
They showed that nitrification initially proceeded more rapidly in the 
outside area of the retention zone where the concentration of amaonium 
nitrogen was less than 400 ppm. Similarly, Eno et !!• (1955) found 
that the application of anhydrous ammonia to soil resulted in a higll 
local concentration of ammoniacal nitrogen levels which sha.ed a detri-
mental influence on the formation of nitrates. 
Tyler et al. (1959) stated that low temperature and alkaline soil 
reaction appeared to favor nitrite accumulation !rom ammoniacal 
lO 
fertilizers even at lcw levele of addition. AccordiDg to 1hem, this 
finding suggested that the Nitrobacter group, which oxidizes nitrite to 
nitrate, is more sensitive to lew temperature than the Nitrosomonas 
group responaibl.e for the first step in nitrification; or that there is 
an interaction between temperature and free ammonia inhibition of 
Nitrobscter. 
A basic study of the effect of inorganic nitrogen on nitrification 
was made recently by Stojanovac and Alexander (1958) using the soil 
perfusion technique described by Audus (1946) with the Honeoye silt 
loam, Jil 1.1. They showed that the addition of ammonium nitrogen 1n 
quantities of 250 fg/ml perfusate, or greater, lead to a depression in 
the rate of nitrate formation. Analysis of the kinetics of the axida-
tion showed that there was no effect of ammonium nitrogen concentration 
on the rate of ammonium oxidation. However there did occur an accumu-
lation of nitrite which at constant Iii was proportional to the amount 
of ammonium sulfate initially added. Nitrites apparently accumulated 
onl;y when there was some ammonium nitrogen remaining in the metabolite 
solution rut then rapidly disappeared once the aamonium nitrogen had 
been oxidized. They concluded that aamonium nitrogen applied in high 
concentrations can cause the accumulation of nitrites in soils of hign 
pH by virtue of the specific effects of the original substrate on the 
Nitrobacter-<:atalyzed oxidation of nitrite. These results are in 
agree11111nt with cultural studies of the responsible microorganisms. 
Finally, they suggested that the W.ild-up and persistence of this sub-
stance is favored b;y alkaline reaction and hii?P levels of applied 
ammonium-fonn:l.ng fertilizers, possibly by means of an inhibition of 
Ni trobac ter by the free a1111!10nia. 
EIPERI11ENT I. INCUl!ATION 'III'IH PERIOillC AERATION 
Methods and Procedure 
11 
:J.'hi8 study was undertaken to examine the effects of moisture, 
temperature, fertilizer and their interactions on nitrification under 
carefully controlled conditions. In order to better isolate some of 
these effects, the same 110il was used throughout this study. :J.'he soil, 
ltl.llville loam, is highly calcareous (47 percent calcium carbonate 
equivalent) with a p1 of 7.8 and total nitrogen (Kjeldahl) of 0.13 per-
cent. It is a highly productive soil of Cache Valley. Tbe samples 
used in this study were taken from the Greenville Experiment Farm of 
the Utah State Agricultural Experiment Station. 
:J.'he percentage moisture for this soil at 0.3 bars tension (approxi-
mately field capaci t;y) was found to bB 18.0. This figure was used in 
the moiature additio!lB in this study, although Taylor and CaYazza (1954) 
have found the percentage for the same soil to bB 21.5 at one-third 
atmoa!iJere tension. Tbe percentage I!IOisture of the soil used in this 
experiment was 6.9 at 15 bars tenaion (approximately pel'!llllnent wilting 
percentage). :J.'he permanent wilting percentage determined by the sUJ)oo 
flower method was 7.9. In the air dry state this soil contained 1.6 
percent moisture. · 
:J.'he soil, treated with different levels of ammonl.um sulfate, was 
incubated under varying tempsrature and moisture conditions and sampled 
at weekly intervals to test for different forms of inorgoanic n1 trogen 
and !fl. 
Ammonium sulfate was diBsolved in water and added to 100 graJIIII 
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soil in pint jars with sufficient water to bring the moisture contents 
to 18.0, 15.9 and 7.8 percent which correspond to O.J, 1 and 10 bars 
moisture tensions. The nitrogen levels were O, 150, and 450 PPII• Cars 
was taken to make sure the samples were uniformly moiste!lllld. It was 
important to place the moistened samples in the constant temperature 
rooms as quickly as possible after adding the moisture and fertilizer in 
order to avoid the influence of uncontrolled temperature on nitrifica-
tion. Since no time could be allawed for the soil to reach equilibrium 
with the added water, each sample was mixed thoroughly by hand with a 
spatul& right after the prsdeteimined amount of moisture containing the 
ammonium sulfate was added to the sample in the jar. 'Ibe jar was then 
sealed immediately. Before placing the lids on the mixed sample, a filllll 
mist of moisture was sprayed on the lids and around the mouth of the 
jars to cause a high humidity in the jar above the sample. The samples 
wars then placed in the constant temperature rooms. Duplicate samples 
ware prepared, sealed, and placed in the constant temperature rooms at 
2, 10 and 22° C. Sufficient samples were made to allow for sampling at 
weekly intervals for four weeks. However, after the analysis was com-
plated on the samples taken the third week, it was decided to leave the 
remaining samples in for a total of 10 weeks. 
The jars were opened twice weekly and the air in each flask com-
pletely exchanged by using a squeeze bulb. Preliminary experiments had 
shown that this aeration twice weekly was sufficient for the highest 
rate of microbial activity in this soil. It was necessary to moisten 
the inside of each jar and lid with a fine mist at the t ima of each 
aeration to compensate for vapor lost when the air was exchanged. After 
a slight initial drop during the first week, the moisture content of all 
l3 
samples remained nearly constant. 
The entire sample in each jar was taken for the weekly analysis. 
The jars were treated with toluene, resealed, and placed in a refrig-
erator until the analyses were made. All anal.yaes were made during the 
week in which the samples were taken. 'lbe samples were analyzed for 
ammonium nitrogen, nitrate nitrogen, nitrite nitrogen, soil reaction and 
moisture . Amnonium nitrogen determination was made on a potassium 
chloride extract of the !!Oils by the Nessler method, using alkaline 
tartrate and gum acacia in a modification of the method c:iven by Jackson 
(1958). Nitrate nitrogen was detennioed from a saturated calcium hy-
draxide extract by the phenoldisulfonic acid rethod, after first destroy-
ing nitrites by use of amnonium sulfamate. Nitrite nitrogen was 
determined from the same alkaline extract using the method gl. ven by 
Shinn (1941) which employs sulfanilamide and a coupling reagent. The Iii 
was determined on a saturated soil paste . 
Results and Discussion 
Soil reaction 
With nitrifies tion there was a corresponding reduction in p! as u 
nonnally expected. 'lbe Iii ranged from 7.8 for the untreated soil to 
7.2 for the treated soil where maximum nitrification occurred. This is 
shown in figure 1 for the three nitrogen levels at 2~ C and 0 . 3 bar 
moisture tension. !he complete soil reaction data are shown in table 1. 
After nitrification was complete, there was relatively little change in 
the respective Iii levele w1 th ti.e during the 70-day period. No sig-
nificant effect on soil reaction in relation to moisture or temperature 
was indicated within the ranges used in this study. 
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Table l . Changes in soil reaction at various moistures , temperatures, 
and levels of ru.,tPogen added as ammonium su-lf"&te . 
N l~.;') l ":J .;'/ 
Treatment IAl!! incubated 
Tempera- Nitrogen Moisture 7 l4 21 70 ture added tension 
-or ppn bars ~~ jil 
0 lD 7.8 7.8 7.8 7.9 
150 10 7.8 7.8 7.6 7.8 
450 10 7.8 7-7 7.8 7.8 
0 l 7. 8 7.8 7.8 7.8 
2 150 l 7.8 7.6 7.6 7.6 
450 l 7.7 7.6 7.5 7.4 
0 0. 3 8,0 7.8 7.8 7.8 
150 0.3 7.8 7.6 7.6 7.S 
450 0.3 7.6 7.6 7.6 7oS 
0 10 7.7 7. 8 7. 8 7.8 
150 10 7.6 7.8 7.7 7.6 
450 10 7. 7 7.8 7.8 7.6 
0 1 7.7 7.8 7.8 7.8 
10 150 1 7.6 7.S 7.6 7.4 
450 1 7.5 7.5 7.7 7.2 
0 0,3 7.6 7.8 7.8 7.7 
150 0.3 7.S 7.4 7-5 7.4 
450 0,3 7.4 7.6 7.6 7.2 
0 10 7.6 ?.8 7.8 7.8 
150 10 7.5 ?.6 7.4 7.6 
450 lD 7.6 7.6 7.6 7.2 
0 1 7.6 7.8 7.7 7.7 22 150 l 7.4 7.4 7.6 7.4 
450 1 7.4 7.2 7.4 7.4 
0 0.3 7.6 7.7 7.8 7.7 
150 0.3 7.4 7.4 7.4 7.4 
450 0.3 7.3 7.2 7o3 7.3 
. • 
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Nitrate nitrogen 
One of the most interesting observations af this experiment was the 
relatively 1i ttle effect shown by the different moisture levels on the 
nitrification of ammonium sulfate when the temperature was favorable. 
'Ibis can be seen from the data in table 2 and is pointed out more 
specifically by the grath in figure 2. '!here was no difference in 
either amount or rate of nitrifies tion between the 0 .) and 1 bar mois-
ture tensions at 22° C for the 150 ppn level. Under the sare conditions 
at 10 bars moisture tension, there 11as a delay of about two weeks, in 
cO!!!pQrison to the other moisture levels, before nitrification began. 
After the second week the rata of nitrification at this low moisture 
level compared favorably with that of the hi~er moistures. Nitrifica-
tion of the added 150 ppn nitrogen as ammonium sulfate was nearly 
complete at this low moisture in 70 days. 
The relatively lit Ue influence of laorered moisture is amplified 
from the 10° C data (figure J). Even at this low temperature there was 
a highly significant increase in n1 tra ta production between the 21- and 
70-day period. lhus in 70 days at 10° C and 10 bars moisture tension, 
about 50 percent of the added ammonium sulfate was nitrified. '!his 
would be equivalent to more than a pound of nitrogen per acre-furrow 
slice per day. The higher moisture levels for this same temperature 
gave rates of about 10 to 12 pounds nitrogen per acre per day. 
Temperature exerted a greater influence on nitrification than did 
moisture under the condi tion.s of this experiment. Even at the l01test 
moisture (10 bars ten.sion) there was a highly significant difference 
between temperature levels (figure 4). The difference in nitrate pro-
duction between the 2 and 10° C temperatures occurred only at the 70-d.a.y 
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Tabl e 2. Changes in nitrate nitrogen in a calcareous soil incubated at 
various moistures, temperatures, and levels of nitrogen a dded 
as ammonium sulfate 
Treatment Da;r!! incubated 
Tempera- Nitrogen Moisture 7 14 21 70 ture added tension 
c ppm bars ppm 003-N 
0 10 55 42 45 46 
150 10 38 42 52 46 
450 10 37 42 48 44 
0 1 50 44 46 57 2 150 1 34 44 46 56 
450 1 38 41 48 50 
0 o.3 52 46 45 55 150 0.3 40 44 50 55 
450 0.3 37 42 50 54 
0 10 46 47 48 50 
150 10 44 50 54 92 
450 10 42 46 54 70 
0 1 48 46 54 45 10 150 1 46 62 86 204 
450 1 45 54 73 462 
0 0.3 48 54 55 59 150 0.3 50 59 92 188 
450 0.3 45 55 79 235 
0 10 47 50 58 58 150 10 55 66 130 168 
450 10 48 69 137 440 
0 1 55 56 56 72 22 150 1 84 188 197 222 
450 1 56 288 452 482 
0 o.) 52 58 56 76 150 0.3 88 202 190 228 
450 o.3 70 290 434 494 
I.SD 
For comparison between! .05 level .01 level 
Two treatments for same date 16 21 
Two dates for same treatment 12 16 
0 .3 bar 
1 bar 
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Figure 2. The effect of moisture o.n nitrate formation at 22° C and 150 ppn nitrogen added as 
ammonium sulfate 
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ammonium sulfate 
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Figure 4. '!he effect of temperature on nitrate fol'lllltion at 1.0 bars tension and 1.50 ppm nitrogen 
added as ammonium sulfate 
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tes t , while the difference between 10 and 22° C temperature occurred as 
early a s 21 days. 'lbe rate of nitrifi cation a t the highes t temperature 
(22° C) and lowes t moisture (10 bars tension) was very hi gh between 1.4 
and 21 days. ifi th this hiGh tempera ture, at 21 days nitri f ication of 
the 150 pJ:Ill nitrogen was over half complete even at this mois"b.lre (10 
bars tens i on) which is not far above the lfilting point for higher 
plants. 
The effect of added ammonium sulfate at high moisture (O.J bar 
tension) and high temperature (22° C) is shown in figure 5. By refer-
ring to table 2, it can be noted that a significant amount of nitrifica-
tion had taken place under these favorable mois t ure and temperature 
conditions even in one week. A point of interest is the fact that a 
delay lfas shown with the 450 PJ:Ill nitro gen treatment in comparison to 
the 150 PJ:Ill nit roc;en treatment. At the 7-day period the amount of ni-
trification in the case of the higher nitrogen treatment was significant 
only at the 0 . 05 level, whereas the 150 ppn nitroc;en treatment showed 
significant nitrificati on at the 0 . 01 level. At l4 days the 150 PJ:Ill 
nitrogen application had been completely oxidized, while the 450 ppm 
nitrogen treatment lfas hardly complete at 21 days. There was enough 
nitrification under these conditions (O.J bar moisture and 22° C) even 
in the case of no added ammonium sulfa te to be s ignificant at the 0 .05 
level. This was evidently due to mineralization of the soil argp.nic 
matter. 
This delay effect associated with h i gh concentra t ions of ammonium 
nitrogen has been noted by other workers. Broadbent ~ !!_. (1957) con-
cluded that where ammonium concentrations were low, nitrification 
occurred rapidly and completely. Hi gher a umonium concentrations showed 
150 ppm N 
0 ppm N 
Days 
Figure S. 'llle effect of nitrogen a dded as ammonium sulfate on nitrate formation at 0.3 bar 
moisture tension and 22° C 
70 
1\) 
N 
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an inhibiting effect on nitrification, and in the case of poorly buf-
fered soils the nitri f ication was completely inhibited . 'lhe l evels used 
in t heir study were o, 50 , 100, 200 , 400 and Boo ppm of al!ll1onium nitro-
gen. In s tudying the dis tribution and nitrification of applied anhydrous 
ammonia, Yc lntosh and Frederick (1958) showed that nitrification in-
itially proceeded more rapidly in the outside area of the retention zone 
where the concentrati on of ammonium nitrogen was less than 400 P!Jil • 
At 10 bars moisture tensi on and 22° C there were almos t identical 
amounts of ammonium sulfate oxidized to nitrates f or the 150 and 450 
ppm nitrogen treatmmts for the first three weeks (figure 6). This also 
indicates a delay in the case of the 450 P!Jil relative to the lSO ppm 
nitrogen treatment. Both of these amounts of applied ammonium sulfate 
-re nearly completely nitrified by the end of 70 days even at this low 
moisture (10 bars). 
The effects of moi sture, temperature, and fertilber over all time 
period!! are of interest. Since the analysis of variance (appendix, 
table 15) shCllts the interactions of the three factors to be significant, 
the experimental results were combined into two-way tables over all time 
periods. 
In table 3 the interaction of moisture and temperature can be 
observed. At the low temperature there was no significant difference in 
the mean moisture effect over all fertilizer levels, while at the 
hi gher temperatures there was a significant difference between mistures. 
'Ibis interaction can be seen at the lSO ppm nitrogen level in figure 7. 
At the hiflhest temperature there was no significant difference between 
the 0.3 and 1 bar moisture tensions, and even at the low moisture there 
was an appreciable amount of nitrate nitrogen at this high temperat ure. 
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Table 3. Mean nitrate nitrogen content for all 
moistures at all temperatures 
Tempera- lo!oi.sture tension1 bars lo!eana 
ture 10 1 0 .3 
oc ppm 
2 45 46 47 46 
10 54 102 as 80 
22 llO 184 186 160 
l.!eans 70 1ll 106 95 
LSD 
o.os ~ 
!Aeans within table 5 6 
Table means 3 s 
Within the moisture range used in this experiment, there was little 
effect by moisture on nitrification when the temperatures were favorable. 
'nlis can be seen graphically in figure 8 . In contrast to this there was 
a strone effect of temperature as shown by the temperature means in 
table 3. 
The interaction of moisture and fertilizer is presented in table 4. 
There was significant nitrification at all moisture levels with added 
ammonium sulfate. The mean effects of fertilizer over all moistures are 
in a ratio of approximately 1419 for 450 ppm and 150 ppm added nitrogen, 
respectively. However, at the lowest moisture (10 bars tension) the 
ratio of nitrates at these fertilizer levels is only 917. This indicates 
the effectiveness of the added nitrogen depends on the amount of mois-
ture in the soil. 
There was a significanUy larger amount of nitrification at the 
1 bar moisture tension than at the 0 .3 bar with 450 ppm added nitrogen. 
This is contrary to what is generally accepted about the effects of 
moisture on nitrification. Nitrification under these conditions should 
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Figure 6. Rate of nitrate nitrogen prochlction from 150 ppn nitrogen added as ammonium sulfate at 
three temperatures and three moisture levels, emphasizing the temperature influence at 
each moisture level 
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Table 4. Mean nitrate nitrogen content for all 
moistures at all fertilize r levels 
Ferti- Moisture teneion1 bars Yeans 
lizer 10 1 0 .) 
P!D P!D 
0 49 52 55 52 
1.50 70 106 107 94 
4.50 90 174 157 140 
Weans 70 111 106 95 
LSD 
0.05 0 .01 
lleans within table 5 6 
Table means 3 5 
be examined in ereater detail by going back to table 2. It is seen here 
that greater nitrification occurred at the 1 bar moisture tension at 70 
days with 10° C temp3rature. At this observation there was a signifi-
cant amount (100 ppm) of a11111onium nitrogen remaining, an acclll!l.llation of 
nitrites (72 .5 ppm) and a loss (approximately 100 ppm) of total nitro-
gen. The moisrure content was checked and found to be in line with the 
other exp3rimental units. One possible explanation of these phenomena 
is that the oxygen supply is very near the critical level under these 
condi tionB of high moisture and high ammonium application , resulting in 
sufficiently adverse conditions in some samples to cause this irregular-
ity. The 450 ppn nitrogen level requires a greater amount of oxygen, 
and the h i gper moisrure level reduces the available amount of oxygen in 
the soil. Insufficient aeration would s low down the transformation of 
ammonium nitrogen to nitrite nitrogen as well as favor the accumulation 
of the nitrite nitrogen that is f ormed . A loss of nitrogen is expected 
under partial anaerobic condi tiona, as shown by other workers. Bremner 
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and Shaw (1958 ) suggested that denitrification occurs when the supp~ of 
oxygen required by the microorganisms is restricted. Jones (1951), 
working with complete~ anaerobic conditions, showed that denitrifica-
tion is a very rapid process. Arnold (1956) discussed another possible 
source of loss by pointing out that where the oxygen supply is limited 
the oxidation of ammonium ions may yield hydroxylamine , which, in the 
absence of sufficient oxygen, does not all become further oxidized but 
interacts with accu!llllated nitrite to yield nitrous oxide which escapes 
into the air, Broadbent and Stojanovic (1952) found that denitrifi ca-
tion of added nitrate was inversely related to partial pressure of 
oxygen. It is concluded, therefore, that insufficient- aeration may 
well account for the significantly greater amount of nitrification ( 
occurring at the 1 bar than at the 0 .3 bar moisture tension at 70 days 
and 10° C (figure 3 and table J). 
Table 5 presents the data showing the interaction of fertilizer 
with temperature. Even at the zero level of fertilizer a significant 
'amount of nitrification occurred at the hi~est temperature (22° C), 
while at the low temperature no significant amount of nitrification 
occurred even at the hi~est .fertilizer level, The dependency of nitri-
fication of the added nitrogen on temperature is .further emphasized by 
the !act that at 10° C the ratio of nitrates at the 450 ppm nitrogen 
level to nitrates at the 150 pJXll nitrogen level is approximately 7 to 6 , 
while at 22° C the ratio is approximtely 9 to 5. In other words, the 
JOO PJXll increment was of l1 ttle value except at the more favorable 
temperature, 
Ammonium nitrogen 
The changes in ammonium nitrogen at various moistures, temperatures 
and levels of added ammonium sulfate are given in table 6 . Although the 
Table 5. Mean nitrate nitrogen content for all 
temperatures at all fertilizer levels 
Ferti- Te!!!E!!rature 1 oc lleans 
lizer 2 10 22 
PIE ppm 
0 49 so 56 52 
150 46 65 151 94 
450 44 lOS 271 140 
Me ana 46 6o 16o 95 
LSD 
o.os 0 . 01 
Means within table -5- -6-
Table means 3 5 
data for ammonium nitrogen changes are slightly more erratic than that 
of the nitrate nitrogen changes, the two tables (tables 2 and 6) tell 
essentially the same nitrification story. For this reason the ammo-
nium n1 trogen changes are not discussed in detail as were the changes 
in nitrate n1 trogen. The comparison of the changes in ammonium n1 tro-
30 
gen and nitrate nitrogen at O.J bar moisture and 150 PIE added nitrogen 
are shown in figure 9 . 
In addition to what can be observed in figure 9, it can be seen 
from table 6 that the ammonium n1 trogen disappearance proceeded at a 
slightly raster rate than did the formation of nitrate nitrogen at all 
temperature and moisture levels except at 22° c, O.J bar tension and 
150 PIE added nitrogen. In this case they were both complete in 14 
daya, the changes being so rapid that weekly sampling did not provide a 
satisfactory rate comparison. 
From these comparison curves at the 2° C temperature (figure 9 ) it 
can be seen that there is an indication of some oxidation of ammonium 
., 
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Tabl e f!. Changes in ammonium ni.t.rogen in a-calcareous soU incubated at 
various moistures , tempe~tures, an:! levels of nit-re-gen added 
as ammon±~a-te.. (IJU~, SO¥, '-> N 
Treatment Daz:! incubated 
Tempera- Ni trogen !lloieture 7 1.4 21 70 ture added"" tension 
c pp!l bars P!Ml tll4-tl 
0 10 20 2 24 lJ 
150 10 218 1.48 16o 1)6 
450 10 370 469 539 406 
0 1 20 2 16 12 
2 150 1 178 1.46 148 130 
450 1 411 456 598 418 
0 0.3 22 2 15 1.4 
150 0.3 169 150 152 124 
450 0.3 438 415 610 431 
0 10 ro 0 16 1.4 150 10 158 142 148 105 
450 10 432 452 592 397 
0 1 18 0 18 10 
10 150 1 168 112 113 10 
450 1 446 387 467 22 
0 0.3 22 0 16 1.4 150 0.3 184 ll4 113 12 
450 0.3 453 389 541 100 
0 10 18 0 15 12 
150 10 161 112 91 38 450 10 424 374 405 26 
0 1 24 0 211 17 22 150 1 146 1.4 20 12 
450 1 439 198 38 15 
0 0.3 12 0 22 12 150 0.3 123 0 3J 10 450 0.3 412 161 26 12 
" 
>j • I• I I.SD 
For comparison between: 
.05 level . ol level 
Two treatmnts for same date 49 66 
Two dates for same treatmnt 52 69 
ppm N 
2 
150 
22° c 
100 
so 
ppm N 
200 
1SO 
so 
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200 
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Figure 9. A comparison of changes 1n ammonium nitrogen and nitrate 
nitrogen with 150 ppm nitrogen added as alllllonium sulfate, 
0.3 bar moisture tension, and varying temperatures 
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nitrogen by the end of 70 days. Th i s observation contriruted to t he 
decision to test these changes for a longer period of time. This is 
discussed later as a separate experiment. 
Nitrite nitrogen 
33 
Nitrite nitrogen (table 7) did not persist long in tlle soils that 
were held at conditions felt to be optimum for nitrification in this 
experiment (0 .3 bar, 22° C and 150 ppn added nitrogen). Rather high 
levels were found at the first sampling date (7 days) at the highest 
level of added nitrogen (450 ppn). Under the less favorable nitrifying 
condition of lower temperature (10° C) nitrite nitrogen persi sted at 
moderate levels much longer for both levels of added nitrogen , and it 
was found to be quite higp at 70 days in the case of the 4.50 ppm level. 
Tyler and Broadbent (1960) have shown that the nitrite oxidizers are 
very sensitive to low temtJ'rature. Under their conditions considerable 
nitrite persisted beyond four weeks in soils at 45° F. At the lowest 
temperature (2° C) in this experiment, no significant nitrite accUJIIlla-
tion was found during the first three weeks of incubation rut nitrite 
accumulation was very high at the 70-day test. This contrast in 
nitrite accW!IUl.ation at 2° and 22° C is presented in fig1re 10 for the 
highest level of added nitrogen. 
Nitrite formation followed closely ammonium nitrogen disappearance 
and preceded the formation of nitrates in some instances by as much as a 
week . This was observed more readily at the l011er temperatures and 
lower moistures . There was a greater accumulation of nitrites at the 
4.50 than at the 150 ppm level of added nitrogen except in the case of 
the 2° C temperature. At thiB low temperature the oxidation process 
was evidently jU9t beginning at 70 days and had proceeded furtiler in 
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Tabl e 7. Changes in nitrite nitr ogen in a calcareous soil incubated at 
var i ous mois tures, temperatures , and levels of nitrogen added 
as ammonium s ulfate 
Treatment Da;t! incubated 
Tempera- HI. tz'ogen )(oiature 1 14 21 10 ture added tens i on 
oc PPII bars PPII lll2-N 
0 10 1.1 o.8 0.6 0,1 
150 10 1.2 0.8 1.9 4.6 
450 10 o. 8 1.0 0.9 2.5 
0 1 1 .6 1.6 2. 2 0. 2 
2 150 1 2.5 J ,O 3.8 54.3 
450 1 2.1 3. 5 4.2 32.6 
0 0.3 1.6 1.9 3.1 0. 2 
150 0.3 2.6 3. 2 5.8 61.1 
450 0.3 2.6 4. 0 5.2 42. 8 
0 10 0.6 0.1 o. s 0.1 
150 10 3. 8 5. 6 7. 8 0, 9 
450 10 3.4 4. 5 4.0 52. 0 
0 1 0. 2 0,2 o.s 0.2 
10 150 1 u.o 28.1 26.5 0.1 
450 1 9. 7 28.9 47.0 0.5 
0 0.3 0. 5 0.2 0. 5 0. 2 
150 0.3 10.6 28 .5 41.5 0.4 4SO 0.3 8.2 33. 5 63 . 7 72.5 
0 10 0,1 0.1 0.4 0.4 
150 10 7.0 5.4 1.4 0,4 
450 10 7.6 8.o 2.5 o. 8 
0 1 0.2 0.2 0.4 0.4 
22 150 1 5.L o.B 0.5 0.4 
450 1 27.5 2,1 o. 8 o. 8 
0 0,3 0. 2 0. 2 0. 2 0.9 
150 0. 3 8, 2 o. a o.a 0, 9 
450 O, J 52 .6 1.9 0.9 1.0 
LSD 
For comparison between: . 05 level .01 level 
Two treatme nts f or same da te ll.l 15.o 
Two dates f or same treatment u.o 14.5 
so 
40 
.30 
22° c 
20 
B. 10 10 bars 
0. 
c~ 0 
"' ~
"' .... 
<! 
.s 
.,., 
"' so .... ~ 
40 
20 
10 
P'igure 10. The effect of moisture on nitrite nitrogen at 2 and 22° C 
with 4SO ppm nitrogen added as ammonium sulfate 
3S 
the case of the 150 PJ:m level than at the 450 ppm treatment. Figu re 11 
shows this dif ference, which was significant at the 0 . 01 level at both 
the 0 .3 and 1 tar moisture tensions . In the case of more favorable 
temperatures nitrate fonnation had already begun at the lSO ppm level, 
while the 450 PJ:m treatment remained in the nitrite accumulation stage 
preceding nitrate formation. All of this harmonizes with the previously 
mentioned delay in nitrate nitrogen production in the case of the 450 
ppm treatment. This delay at the 450 ppm level is likely due to the 
inhibiting effect of high amounts of ammonia on the Nitrotacter which 
carry out the second step in the nitrification process . Stojanovac and 
Alexander (1958 ) 1 using kinetics of the oxidation process , ah011ed that 
there was no effect of ammonium nitrogen concentration on the rate of 
ammonium axidation to nitrites but that high allll!lonium nitrogen concen-
trations did cause the accumulation of nitrites in soils of high pH by 
virtue of the specific effects on the Nitrobacter-catslyzed oxidation 
of nitrite . 
Additional Low Temperature Experiment of Longer !Alration 
Because nitrite appeared at significant levels for the 70-day 
sampling at 2° C and there was an indication of axida tion of the applied 
ammonium nitrogen at the 150 ppm level, it was decided to incubate the 
samples under these conditions for longer than 70 days. 
The methods and procedures for this experiment were the same as 
those previously described except for the variables used . Only the 0 .3 
bar moisture tension was used for all fertilizer treat.'llBnts, and the 10 
bars tension was used with the 150 ppm treatment only . The incubation 
time was extended to 91 days and samples were tested for ammonium 
nitrogen, nitrite nitrogen and nitrate nitrogen at 70 , 77, 84 and 91 
days. The results are shown in table 8. 
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Figure U. A comparieon of the effect of 150 and 450 ppm nitrogen 
added as ammonium sulfate on n1tr1 te nitrogen at different 
mois'blre levell!l and 2° C 
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Table 8. Changes in ammonium nitrogen, nitrite nitroeen, and nitrate 
nitrogen from the incubation of ammonium sulfate in a 
calcareous soil at 2° C 
Treatment Nitrogen llll.l!!_ incubated LSD 
Nitrogen llloiature analyMd 84 9l loleanll 
added tension 70 11 .05 
ppm bars ppn 
~-N 16 10 21 17 1.6 29 0 0.3 W2-N 0 0 0 0 0 1 
NO~ 28 19 20 24 23 17 44 29 41 41 
N1:14-N 94 10 68 74 71 29 lSO 0.3 002-N 82 72 so 82 72 1 
oo3-N _§_ 78 102 81 82 17 
Sum 241 220 220 237 
ltl4-N 397 373 .355 388 .378 29 
450 0.3 N02-N 78 90 65 102 84 1 
N03-!l 44 52 42 55 48 17 
Sum 519 515 462 545 
NH4-N 1.38 135 144 13.3 138 29 
lSO 10 WrN 20 10 22 26 20 1 
l'll)-N 28 23 25 27 26 17 
Sum 186 168 191 la6 
LSD 0.05 
Treatment Time 
~-ll .35 17 
- N 58 28 
N02-N 13 1 
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It can be seen that the lcni moisture (10 bars) with this low 
temperature completely inhibited nitrate formation for the 13-week 
incubation period, '!here was, however, significant nitrite fo:nnation 
and an indication of ammonia loss even at this low moisture and tempera-
ture for these longer periods of time. l'lrnaps this indicates that at 
least the first step of the nitrification process was occurring. 
In comparing the 70-day data of this experiment with that of the 
previous study reported, it will be noted that there was less nitrite 
accUJIIllation at the 10 bars moisture level in the previous stuey than 
in this case. '!his difference, along with the other slight differences 
in actual values between the two experiments at this same incubation 
time, was probably due to the use of a different soil sample. These 
samples were obtained from the same area but, being sampled at different 
times, had different nitrogen levels initially, This is evident by com-
paring the figures for the zero treatments, 
At the high moisture (O,J bar) and 150 ppm added nitrogen there was 
significant nitrate formation at these longer periods of incubation, 
Comparing the zero ppm treatment with the 150 ppm level in table 8, 
there was sienificant nitrifies tion even at 70 days in this experimant. 
Although slow , there was also significant nitrification with time for 
the 150 ppm treatment . In the case of the 450 ppm level no siGnificant 
nitrate fo:nnation was observed under these conditionB . This harmonizes 
with the typical delay observed with this high treatment as discussed 
previously, 
Rather large quantities of nitrites were produced, both at the 150 
and 450 ppm levels of added ammonium sulfate , This fact alone can have 
a significant influence on the concept of applying annnoniwn-<:ontaining 
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fertilizers in the fall with the hope that this will be W'lChanged and, 
hence , free f rom leaching losses unt il spring. The nitr ites produced , 
even though they are no t oxidized to nitrates, are subject t o the same 
leaching losses as are nitrates. The quantities produced were large , 
over 50 percent of the 150 ppn treatment in some cases . By the 10-week 
aampling about 6tJ percent of the added ammonium was converted to 
ni tra tee plus nitrites in the case of the 150 ppn treatment. 
'lbe results found in this experiment woold be conservative since 
the ammonium was applied to the soil and irnmedia tely cooled and main-
tained at 2° C throughout the period. In field soils the tem)Era tures 
would come cbwn to this law level much slower; during this period 
nitrification could be occurring . 
SUI!IIllary of Experiment I 
A ca lcareous soil (Millville loam) was incubated in jars provided 
with periodic aeration to determine the transformation of nitrogen from 
added ammonium sulfate under controlled moisture and temperature condi -
tions. Samples were taken at weekly intervals for a period of 21 days 
and again at 70 days and analyzed for soil reaction and different foi'IIll! 
of nitrogen. 
Under the condi tiona of this study there were definite inhibi tory 
influences of law moisture, low temperature and high ammonium concentra-
tion on nitrification along with si enificant interactions of these 
factors. These conclusions are not altogethe r new, but some aspects of 
the study are enlightening . 
At 2° C there was evidence of ammonium oxidation and a dis tioot 
accumulation of nitrites at 70 days which led to a test of longer dura-
tion. In this second tes t nitrate production was obtained at this l.olf 
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temperature during the period of testing (70 through 91 days) • At both 
10 and 22° C nitrification was found at all moisture levels (O.J, 1 and 
10 bars). Even at 10 bars moierure tension nitrification of 150 ppm 
added ni trogen was about 80 percent complete at 2~ C in three weeks. 
Thus, even though the rate of nitrate production was temperature and 
moisture dependent, the dependency on moisture was surprisingly small. 
Even under conditi ons felt to be relatively most optimum for nitri-
ficati on (0 .) bar and 22° C) rather higl1 levels of nitrite nitrogen were 
found at seven days at the highest nitrogen level (450 ppm). A delay- in 
nitrate fonnation was found at this h igher ammonium concentration in 
comjnrison to the 150 ppm treatment. This was evidently due to the in-
hibiting effect of the ammonium. Under the less favorable nitri!'ying 
conditiollll or lower temperature (10° C) nitrites persisted much longer 
and were found at 70 days to be quite high. 
There was a reduction 1n Pl with nitrification of ammonium sulfate 
but relatively litUe change 1n the respective Iii levels with time 
during the 70-day period. 
EIPERD.!ENT II. I !OJ&. Tlotl WI'lll CONSTANT AERA. TION 
llethods and Procedures 
Relationship to first experiment 
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Since the first experiment primarily included relatively high mois-
ture levels in combination with comparatively low temperatures, the 
second study was designed to investigate the low moisture range (wilt-
ing point and below) together with relatively h igh temperatures. 
Another major reason for undertaking the second study was to 
eliminate the possibill ty of inadequate aeration. As discussed in 
Experiment I, there was evidence of inadequate oxygen supply, especially 
in the case of the hig!1 ammonium treatment in combination with rela-
tively hig!1 moisture and temperature. 
In addition to the above reasons, which primarily arose f rom the 
first experiment, there were at least two special reasons for investi-
gating the nitrification effects of low moisture levels. First, there 
were no such investigations found in the literature. Secondly, it has 
been postulated that the process of nitrification occurs at or on 
colloidal surfaces. One could theorize, then, that the small film of 
water surrounding the soil particles at moisture levels less than per-
manent wilting percentage mig!1t be sufficient to allow the process to 
proceed. 
The soil used in this experiment (Millville loam, described in 
Experiment I ) showed an air dry moisture percentage of 1 . 6 and a wilting 
point percentage of about 7. A series of samples were incubated at 
moisture levels to include this wilting percentage, two moisture levels 
below the permanent wilting percentage (3 and 5 percent) and one 
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slightl,y above tllis percentage (9 percent). Suffi ci ent water was added, 
along with the 150 ppn nitrogen in the form of amnonium sulrate 1 to 
bring the iooubating samples t o 31 5, 7 and 9 percent moisture. 
Establishing the moisture levelB 
!beory.-In order to be able to determine the relative humidity 
desirable to maintain in the air stream flowing over the soil samples to 
keep the moisture percentages constant, the vapor pressure data for the 
l!illville soil determined by !bomas (1921, 1924) were used. From his 
data a curve was plotted of the relative humidity (P/P0 ) agai nst the 
moisture percentage for this soli . From tllis curve the 3, 5, 7 and 9 
percent moisture levels corresponded to 74, 92, 99 and 99 . 5 percent 
relative humidity. 
To be consistent with Experiment I in reporting all the data in 
terms of moisture tension so that more universal application to other 
soils may be made, the relative humidity percentages were converted to 
bars moisture tension by the formulat 
If/ • -RT ln R. H. (1) 
where SV• moisture tension, R • 8.314 x 107 ergs/dog/mole, T • absolute 
temperature and R. H. • relative humidity. The moisture levels in 
terms of moisture tension from these calculations were 415, 115, 15 and 
7 bars, corresponding to the 3, 5, 7 and 9 percent moistures, 
respectively. 
Continuous aeration and relative humidity control.--An apparatus 
was constructed to provide continuous aeration to the samples and at the 
same time maintain constant moisture levels in the soil. To accomplish 
this, air was humidified to a definite level and passed continuously 
over a thin (one-fourth inch ) layer of soil 03.3 grams) which was 
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contained in a 250 milliliter Erlemeyer f lask . Two methods were used to 
humidify the air--salt solutions and differential pressure. At the two 
moisture levels below the permanent wilting point the air was kept at 
74 and 92 percent relative humidity, respectively, by use of salt solu-
tions, allow ing also for the differential pressure effect associated 
with the salt solu tiona . A saturated solution of sodium chloride Wall 
used for 74 percent and a saturated solution of ammonium dihydrogen 
Ji!osphate for 92 percent relative humidity. In the case of the two 
moisture levels at and above the permanent wilting percentage, water 
was used to give the desired rela t ive humidity by means of differential 
pressure. 'lbe incoming air was saturated under a known pressure and 
then released to atmospheric pressure when passing over the samples. 
The relative humidity needed to maintain a given moisture level was 
calculated from the formula 1 
R. H. • Pf/Pi (2) 
where R. H. - relative humidity, Pr - the final total pressure (atmo-
spheric) and Pi - the pressure urxler which the air was humidified. 'lbie 
formula, making use of a fundamental principle described by the gas laws, 
is given by Bartholomew and Broadbent (1949) and was used by them as a 
mthod of controlling relative humidity of the aeration stream. 
'lhe air for all moisture levels was humidified under a pressure of 
10 centimeters of water and released to atmosJi!eric pressure as it 
passed over the samples. A manometer was used on each air line so that 
the correct pressure could be maintained constantly. For t he air humi-
dified over the salt solutions, the relative humidity was that given by 
the saturated salt solution corrected for the 10 centimeters of water 
differential pressure. These corrected figures as previously mentioned 
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were 74 and 92 percent relative humidity. The relative humidity of the 
air as it passed over the samples at atmospheric pressure after mving 
been humidified with distilled water under l lJ centimeters of preasure, 
-s calculated by formula (2). Using 910 centilooters of water as the 
barometric pressure for this location, the calculated rela.t1n humidity 
to the nearest percent was 99. If this figure is carried to the same 
number of decimal places and expressed in terms of the activity of water 
as eiven by Taylor (1958) it is almost identical to the one e;l.ven for 
15.00 bars gauge pressure. 
Si nce the relative humidity of the air is affected by temperature 
variation, a water bath was used to control the temperature to ! 0 . 01° 
C. Temperature control was obtained by use of a b:imetallic thermo-
regulator and supersensitive relay. The temperature levela used in this 
study were 25 and 35° C. 
Description o.f apparatus for moisture, temperature and aeration control 
Two metal soil storage cabinets were inllulated, lined with plvan-
ized iron and painted black. .l water p111p -s mounted on one end to 
circulate 1he water for uniform temperatUl'e through~t the bath. A 500 
watt heating element was mounted i n the center of each bath. A bimetallic 
thermoregulator was mounted and coru1ected to a supersensitive relay for 
accurate temperature control. An over-all view is shOifll in fi gure 12 . 
Three large plastic tubes (four inches in diameter) were mounted hori-
zontally in the bottom of the bath (figure 13). These tubes were filled 
to about one4lalf capacity, two with the saturated salt solutions and 
the other with water. The incoming air was passed over the liquid in 
these tubes to insure the proper relative humidity upon entering the 
samples. Rubber tubing connected these large tubes to plastic manifolds 
which in turn were connected to 250 milliliter Erlemeyer flasks 
Figure 12. Over...all views of ~paratus for moisture, temperature 
and aeration control, with {upper) aoo llithout 
(lower) samples 
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Figure 13. Plastic tubes containing the humid:i.f'ying sa1utions 
aver which the air is passed before reaching the 
samples 
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containing the samples . In order to secure uniform distribution of air 
to each sample connected to the manifold, a fine capillary was inserted 
in the line near the entrance into each flask. Figure 1.4 shows the 
capillaries connected to the air manifold and to the flasb. 'Ihe capil-
laries were made by drawing down 1 millimeter capillary tubing to a very 
small opening, much as described by BartholOIDEIW and Broadbent (1949). 
These were enclosed in a protective covering and calibrated for uniform-
ity of air flaw. Figure lS shows the capillary and its protective 
shield separately. 
Prior to passing the air over the sol.u tions in the large tubes, it 
was passed through bottles containing the solutions and located outsi de 
the bath (figure 16). This partially humidified the air and insured 
more complete saturation when the air was passed over the solutions in 
the tubes in the bottom of the tanks to insure complete equilibrium. 
All of the samples, along with the tubing supplying the humidified air, 
were completely submerged under the water in the bath. Only the outlet 
air tube extended above the surface of the water (figure 17). Each 
week, when a group of flasks were sampled, the water level in the bath 
was lowered only slightly in order to disconnect the tubing. The remain-
ing flasks were completely submerged during sampling. The flasks were 
anchored in the water bath, using rubber bands a ttached to wire hooks , 
to a wire mesh which was wed€ed in over the large air tubes (figure 1.4). 
When samples were removed from the bath without being replaced by 
another group of samples, a short piece of glass tubing was inserted in 
the air line with a cone on the other end to hold it above the surface 
of the water to prevent water from entering the air line and plugging 
the capillaries. These can be seen in figure 18 where a unit in 
Figure 14. Partially filled bath showing the capillaries con-
nected to the air manifolds and to the samples 
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Figure 15. A capillary with its protective shield 
Figure 16. Bottles containing the humidi.f'ying solutions 
through which the air passes before reaching the 
plastic tu'bes inside the bath 
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J 
Figure 17. Apparatus for moisture, temperature and aeration 
control during incubation of samples 
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Figure 18. Appiratus for moisture. tem:J;erature an:i aeration 
control during incubation after some of the samples 
have been removed 
53 
• 
54 
operation has had part of the samples removed. 
Each bath contained 54 samples. Two baths were in operation siDLil-
taneously, one for each temperature level (25 and 35° C). 'lhree 
moisture levels, replicated three times, were maintained in each bath. 
Each sample was in a separate flask . Samples were taken at weekly 
intervals and replaced by others as needed to cover the various mois-
tures, temperatures and periods of incubation. The samples were 
analyzed for soil inorganic nitrogen components as described in 
Experi.ment I . 
Since the physical set-up limited the number of samples, fertiliser 
treatment was eliminated as a variable . All samples received 150 P!XIl 
nitrogen in the form of ammonium sulfate, applied with the water for 
proper moisture, immediately prior to being placed in the baths . The 
150 ppm level was selected because the results obtained in Experiment I 
indicated it to be a desirable level for this t;ype of study, since no 
appreciable inhibiting effects were apparent at this level . 
Because only three moisture levels could be maintained at one time, 
incubation was begun at the 7, 115 and LlS bars moisture tension, and 
the 15 bars moisture tension was added later in the experiment. Time 
permitted only four weekly sampling periods at this moisture level, 
while samples were incubated at the other three moistures for eie):1t 
weeks . 
Results and Discussion 
Moisture effects 
The first samples were taken at the end of three weeks. At that 
time no nitrification was indicated at either the 415 or 115 bars mois-
ture levels at either temperature; therefore, no 7- or 14-day tests were 
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set up for these moisture levels. Actually no nitrification occurred at 
these moisture levels during the entire eight-week incubation period at 
either temperature (table 9) . 
Since nitrification occurred only at the 7 and lS bars moisture 
levels, these cia ta were tabula ted and analyzed together for their COUIIlOn 
period of incubation (four weeks). The results, showing the nitrate 
nitrogen produced by incubation at these two moisture levels, are pre-
sented in table 10 . At the 7 bars moisture tension and 25° c, nitrifi-
cation had begun by the end of the first week and was complete at the 
end of three weeks. At this moisture , less nitrification occurred at 
35° c. 'lbere was some indication of nitrification at the end of the 
first week even a t the lS bars moisture tension with 25° C temperature. 
At the end of four weeks over one-half of the amount of nitrogen applied 
in the ammonium form had been traDBformed to nitrates at 25° C. Only 
about one-half as much had been completely oxidized to nitrates in the 
35° C bath as in the 25° C bath at both the 7 and 15 bars moisture ten-
sion. Figure 19 shows the comparison of the amount of nitrification at 
these two moisture levels nearest the wilting point. 
The fact that no nitrification occurred at the 115 bars moisture 
level but did occur at 15 bars moisture tension indicates that the 
critical moisture point for nitrification is at least slightly below the 
wilting point for higher plants. Althougll the critical moisture level 
was not specifically determined in this experiment, it DllSt be between 
7 and 5 percent moisture for this soil, or it must lie between 15 and 
115 bars moisture tension if it is expressed on a basis for comparison 
with other soils. 
In order to investigate the idea of the critical moisture level 
more closely, samples were prepared at 6 percent moisture (70 bars 
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Table 9. Changes in ammonium nitrogen, nitrite nitrogen and nitrate 
nitrogen during incubation of 150 ppm nitrogen added aa 
ammonium sulfate in a calcareous soil at various moieturea 
and temperatures 
Treatment Nitrogen Days incubated 
Moisture Tempera-
analyzed 21 28 35 42 49 56 tension ture 
bars oc 
NH4-N 159 152 147 141 129 134 
25 WrN 0 0 0 0 0 0 
N03-N 17 12 
..1.?. 12 ..1;! ..1;! 
Sum 176 16[ 1.62 153 142 147 
415 
!ti4-n 152 144 1.36 134 123 121 35 w~ 0 0 0 0 0 0 
W3-N .]1 
.1! 16 12 11 ..1;! 
Sum 169 158 152 146 134 134 
NI:!4-N 142 151 147 134 12) 131 
25 WrN 0 0 0 0 0 0 
W3-N 20 18 18 
..!£ ~ .1:2 
Sum 162 169 
115 
165 150 134 lSO 
m4-N 118 l29 121 105 98 94 
35 WrN 0 0 0 0 0 0 
W3-N ~ 17 19 19 _g ..1;! 
Sum 141 146 140 124 110 107 
N114-N 29 31 27 13 9 11 
25 IDrN 0 0 0 0 0 0 
W3-N 1.2.1 151 16o 161 166 ~ 
Sum 182 182 187 174 175 175 
7 
m4-t1 93 86 81 61 57 59 
35 Ml2-tl 76 63 38 34 32 9 
ID3-N 
.2! 62 72 86 ..:& 82 
Sum 22) m 191 181 163 150 
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Table 10. Changes in ammonium nitrogen, nitrite nitrogen and nitrate 
nitrogen during incubation of added ammonium sulfate in a 
calcareous soil at various moistures and temperatures 
Treatment Nitrogen Days incubated 
lloisture Tempera-
analyzed 7 14 21 28 tension ture 
bars oc 
NH4-N 137 128 92 ao 
25 txl2-!~ 7 1 1 0 
ID3-N 
...E: _g .JQ -'11 
Sum 175 171 176 177 
15 
NH4-N 143 129 117 97 
35 IDrN 16 16 24 25 
ID3-N 26 26 
.J±J ..2d 
Sum 185 171 184 175 
NH4-N 124 76 29 31 
25 IDrN 15 1 0 0 
N03-N J4. 112 ill lSl 
Sum 183 189 182 182 
7 
11!4-N 129 121 93 86 
35 WrN )0 40 76 63 
ID3-ll 28 J!2 _g 62 
Sum 187 210 220 211 
LSD 
For comparison between: o.os 0.01 
Two treatments for same date Ml4~ 8 12 
ID2-N 19 28 
N03-N 19 28 
Two dates for same treatment Nll4-N 13 18 
N02-N lS 20 
N03-N l3 17 
160 
40 
~ 15 bars 
• 7 bare 
7 
56 
14 Z1 
Days 
Figure 19. The effect of moisture levels near the wilting point on the 
n1tr1!1cat1on of lSO ppn n1 trogen applied as ammonium sulfate 
and incubated at 25° C 
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tens i on) and added to the 25° C bath as time and space would allow wr-
i ng this experiment. These were sampled at 21 and 28 days. The com-
p>rison of these two sampling dates with those of the 15 and 7 bara 
tension are shown in table 11. Comparing these two dates at 70 bars 
moisture tension, there was a significant rewction in ammonium nitrogen. 
The difference in nitrate fonnation is almost significant at the o.o5 
level. There was no nitrite accumulation at any observation period 
shown in table ll. It should be pointed out that in the case of the 70 
bars tension and 21 days incubation the total nitrogen is sanewhat hiWl 
in comparison with the other totals . 'lhie, of course, would indicate 
the poseibili ty of an error in the SIIIIIOnium nitrogen analysis which 
would contritute to the amount of ammonium recilction between these two 
dates. However, all three replications were consistent and even when an 
adjustment ie made for this possible error, there was still a signifi-
cant reduction in ammonium n1 trogen. 
Another possibi lity that might cause one to doubt the reality or 
this ammonium reduction being due to its oxidation is tm fact that it 
might have been lost by volatilization from the system. It is true that 
there was a loss of total nitrogen from the system with time as can be 
seen in table 9. This loss was evidently due lArgely to volatilization 
or amonium nitrogen as will be discussed later. It will be noted, 
however, that the loss was much greater at 35° C than at 2SO C "Where the 
7 bars moisture tension was used. It is concluded, therefore, that 
there is evidence of a slow rate of nitrification at this moisture ten-
Ilion which is considerably below the wilting point for higher plante. 
Further investigation in this moisture range is needed in order to draw 
any positive conclusions. 
Table 11. Changes in ammonium nitrogen and nitrate 
nitrogen from the incubation of 150 ppm 
nitrogen as ammonium sulfate in a cal-
careous soil at 25° C 
lloisture Nitrogen Days incubated 
tension analyzed 21 28 
bars Pf:m 
70 m4-N 172 139 OOrN 29 42 
15 lfl4-N 92 8o 
N03-N 83 97 
7 m4-N 29 31 003-N 153 151 
l.SD 
For comparison between: NH4-N NOru 
Two treatments for same date 20 27 
Two periods for same treatment 15 18 
Temperature effects 
The comparison of nitrification at the two temperatures (25 and 
35° C) is one of the most interesting observations of this experiment. 
As shown in figure 20, 25° C was the more favorable temperature for 
nitrification throughout the eight...,eek period at 7 bars moisture ten-
sion . At this moisture complete ni trificstion of the applied ammonium 
eulfate occurred in three weeks at 25° C. There was a slow rate of 
6o 
nitrification at 35° C for six weeks and then nitrification apparently 
stopped at approximately one4lalf the value for complete nitrification. 
At 35° C and 7 bars moisture tension the nitrites remained rela-
tively high throughout the first seven weeks (figure 21). At this 
misture there was a significant drop in ni tri tea between the seventh 
and eighth week, reaching a level of insignificance. Siix:e nitrate 
Days 
Figure 20. 'lhe effect of temperature on nitrification of 150 PIJII nitrogen applied as ammonium 
su1fate with 7 bars moisture tension 
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Changes in nitrite nitrogen during eight weeks incubation of ammonium sulfate 
added to Millville loam at the rate of l50 P!XD nitrogen. as influenced by 
moismre level (71 15 1 115 bars) and temperature (25 and 35° C) 
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formation has tended to follow nitrite disappearance througtlout this 
study, there is a possibility that the remaining uno:rldized ammoniUlll 
nitrogen may be oxidi zed to nitrates after the eigjlt weeks. Figure 21 
also shows that there was no nitrite accumulation with 25° C temperature 
and 7 bars moisture tension except at the initial (7-ilay) test. !his is 
the same period at which nitrites were found in ExJEriment I under the 
more favorable corrlitions for nitrification. Alec at 15 ba.rs moieture 
tension and 25° c, nitrites were found in a measurable amount only at 
the 7-i!ay JEriod. At 35° C and 15 bars moi sture tension, nitrites per-
sisted througllout the four weeks these condi t!.ons were tested (figure 
21). !here -.ras no nitrite accumulation at either 25 or 3SO C with tbe 
other moisture levels. 
At 35° C there was a consilltently greater loss of total nitrogen 
from the system than from those maintained at 25° c. By the end of the 
incubati on JEriod (56 days) this loss was quite obvious as seen from 
the summation figures shown in table 9. These losses will be dl.scussed 
later. 
Interaction of moisture and temperature 
Since the ana:cysis of variance (appendix, table 22) shows a sig-
nificant interaction between moisture and temperature, the two-way table 
of means (table 12) was prepared in order to examine this interaction 
more closely. The temJErature means over all moisture levels show that 
25° C was much more favorable for nitrification than 35° C. By examin-
ing the means within the table, it can be seen that the difference 
between temJErature levels i s mch greater at the higher moisture, 
althougtJ the difference in tempera ture effects is significant at the 
0.01 level for both moistures. The depressing effect on nitrification 
Table 12. The mean nitrate nitrogen content for all 
moistures at all temreratures 
Temrera- lloisture tension, bars Yeans 
ture lS 7 
oc ppn 
25 63 115 89 
35 37 48 43 
Means so 82 66 
um 
o.o5 o.o1 
!leans within table -9- l'4 
Table means 7 10 
of the higher temrera ture can be seen by the fact t.~at the difference 
between moisture effects is significant onl,y at the 0 . 05 level, while 
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at the lower temperature the difference in moisture effects is signifi-
cant at the 0 .01 level. Figures 22 and 23 shaw this interaction between 
moisture and temperature , In comparing the means of temperature and 
moisture, it can be seen that the differences in temrerature had a 
greater effec t on nitrification than did the differences in moisture 
though both differences resulted in significant effects. 
Figure 24 shows the influence of moisture and temperature on the 
amount of nitrate nitrogen produced during the entire period of incuba-
tion. The US bars moisture level had shown no evidence of nitrifica-
t ion by the end of 56 days at either the 25 or 35° C temrerature, The 
7 bars moisture level at 35° C was onl,y about SO rercent complete at the 
end of the 56 days and had shown no increase after the 42-day sampling 
period , On the other hand, nitrification of the 150 ppm added nitrogen 
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Figure 22. The effect of temperature, as influenced by moisture, 
on the nitrification of 150 ppn nitrogen applied as 
ammonium sulfate 
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Figure 23. The effect of moi sture, as influenced by temperat ure, 
on nitrificati on of lSO ppm nitrogen applied ss 
ammonium sulfate 
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Figure 24. Changes in nitrate nitrogen during eight weeks incubation of ammonium sulfate 
added to Yi.Uville loam at the rate of lSO ppn nitrogen as influenced by 
moisture level (7, lS and US bars) and temperature (25 arx! JSO C) 
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was complete by 21 days at 25° C and 7 bars moisture tension. In order 
to show 1\lrtl'ler the m gni tude of the effect of temperature, it can be 
seen from figure 24 that at 2SO C the amount of nitrification at 15 
bars moisture tension was greater than it was at 35° C even at a higher 
moisture (7 bars) and after a longer period of time (56 days). 
Moisture control 
Maintaining moisture at a conBtant level is one of the main pro-
blems in continuously aerated samples. In this experiment the desired 
amount of moisture calculated on the oven dry wei~t basis was mixed 
with the sample originally. Each week, when samples were taken for 
analysis, the moisture content was detert!lined for each sample. Approxi-
mately 5 grams of moist soil was weighed, dried in the oven overnight 
at 110° C and the moisture expressed as a percentage of the oven dry 
weight . Tabl e 13 shows the uean moisture levels for each weekly sam-
pline period. The efficiency of moisture control during incubation is 
sh011n in table lh . l!ore precise moisture control was obtained at the 
25° C temperature than at 35° C. Better control was also generally 
obtained at the lOirer moisture levels . The best control, however, was 
at the 7 percent added moisture (lS l:ars) where the mean was 7 . 01, 
standard deviation, 0 .25 and coefficient of variation, 3.57. 
It should be pointed out that there was a fairly consistent loss 
of moisture lfi th t be in the case of the 9 percent original moisture 
addition (table 13). The highest variation was also found at this mois-
ture (table lh). A plsusible explanation for this is the fact that the 
relative humidity of the air !BSSing over the samples at this soil mois -
ture level was too low. The same relative humidity was used for this 
moisture level as was used for the samples orieinally receiving 7 percent 
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Table 13. ~ean moisture l evels by week!Y sampling periods 
lorun incuba ted at 25° and 35 C 
of Millville 
Tempera- Original Days incubated 
ture mois ture 7 14 21 26 35 42 49 56 
c percent per cent 
3 3.08 2. 69 2.79 2.66 2. 84 2.93 
25 5 4.69 4.60 5.19 4.08 4.14 4.40 7 7.0) 6.67 7.25 7.o6 
9 0.41 6.61 6. 87 6.41 6.33 7.89 6.09 7.69 
3 2.95 2. 76 3. 30 2.69 2. 76 2.62 
35 5 4.1() 4. 23 4.03 4.41 4.02 4.47 7 7.04 6.36 7.17 6.06 
9 8.45 8. 23 9.40 6.65 7. 74 8. 74 6.28 7.02 
Table 14 . A. cOmfBrison of various mean moistu r es at 25° and 35° C 
Tempera-
ture 
c 
25 
35 
Moisture 
Original Uean 
added obtained 
percent 
3 2.90 
5 4. 59 
7 7.01 
9 8. 25 
3 2. 79 
5 h.23 
7 6. 65 
9 8.25 
Standard Coefficient 
of 
deviation variation 
perce nt 
0.11 3.79 
0.42 9.15 
0. 25 3.S7 
0.56 6. 79 
0.23 6.2h 
0.3 G 8.98 
o.h5 6. 57 
0. 91 11.03 
moisture . Due to the mechanical setup for this study , the relative 
h~idity of the ai r stream c ould not be maintained above 99 percent . 
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As pr eviously shcmn , the calculated value for the 9 percent moisture 
level ~tas 99 . 5 percent. i'l'ith the size capillary being use d, in order 
to &~t sufficient air to the sampl es , it was necessary t o maintain at 
leas t 10 cent imeters pr essure on the line while the air was bein~ hu-
midified. This pressure be in.; released as the air passed throu~ the 
capillaries before goinG over the sampl e resulted in a decrease in 
relative hun:idi ty to 99 percent as calculated by the formula previously 
stated. 
Nitrogen recovery 
Complete recovery of the total inorganic ni trogen was not possible 
in either the first or sec ond experiment of this study . This observa-
tion has been pointed ou t by many workers as dis cussed by Allison (1955) 
in his review. In t his study, however, i t was observed that nearly 
complete recovery was found under favorable conditions for rapid nitri-
fication . On the other hand when nitrification proceeded very slowly, 
there wa s considerable loss of total inor ganic nitrogen. 
The most rapid nitrification condition of this experiment was at 
7 bars moisture tension and 25° C. This is shown i n fi gure 25 in rela-
tion to the total nitrogen recovered. It can be seen here that very 
little total nitrogen was unaccounted for . 
At 35° C with the same mois ture (7 bars ) , nitrification proceeded 
much slower (figure 26 ) . The decrease i n total recovered nitrogen with 
time in t his case is verJ obvious. At the 56-day test the total re-
covered nitrogen was only 150 ppm in c omparison to 187 ppm at the seven-
day test. It is likely that some mi~ t have been lost during the first 
180 
20 
Days 
Figure 25 . The total inorganic nitrogen (nitrate nitrogen, nitrite nitrogen and ammonium nitrogen) 
recovered at weekly intervals during the incubation of ammonium sulfate, added at the 
rate of lSO PfX!l nitrogen, at 7 bars moisture tension and 25° C 
220 
20 
Days 
Figure 26 . The total inorganic nitrogen (nitrate nitrogen, nitrite nitrogen , and ammonium nitrogen) 
recovered at weekly intervals during the incubation of ammonium sulfate , added at the 
rate of 150 ppm nitrogen, at 7 bars moisture tension and 35° C 
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week also , It should be noted here that there was a noticeable increase 
in total nitrogen up to 21 days, which is appreciably more than initi-
ally found and also more than that found for the same date for soils 
kept at 25° C, A probable explanation for this could be that ammonifi-
cation is possibly accelerated at this hi6h temperature while nitrifi-
cation is hindered , Panganiba n (1925) found that ammonification took 
place up to 60° C and that at hieher temperatures the rate was faster, 
In the present study some ammonium nitrogen could have been formed from 
the soil organic matter at a faster rate than it was being lost for the 
first 21 days , Robinson (1957) has shown that ammonium nitrogen did 
accumulate at high temperatures where nitrification was hindered because 
of lowered moisture levels. 
Under the conditions of this exfE riment the unrecovered nitrogen 
was evidently lost by volatilization of the ammonium nitrogen , Evidence 
for this is shown i n figure 27, Here it will be noted that a t the 415 
bars moisture tension level, where no nitrification occurred, there was 
a loss in nitrogen with time , In fact, the greatest loss in total 
nitrogen occurred at the two moistur es (415 and 115 bars) where there 
was no nitrification (table 9) . Figure 27 also sh011s that there was 
greater loss of allli!lonium ni tro;:en a t the higher temperature (35° C) , 
This agrees with the conclusion made by Allison (1955) i n his review 
on ammonia losses when he said that one of the main facts established 
regardinG ammonia volatilization is that the l osses increase with 
temperature . 
To further establish the point that the unrecovered nitro;;en was 
lost by volatilization of ammonium nitrogen, the 415 bars moisture 
tension was compared with the 7 bars moisture tension at 25° c, be5in-
ning with the 21-day incubation period (figure 28) , It can be seen 
Days 
'P'igure 27. A comparison of total inorganic nitrogen recovered from incubation of 150 ppm ni tro11:en added 
as ammonium sulfate in a calcareous soil at 415 bars moisture tension and 25 and 35° C 
temperature 
180 
1.40 
~100 
Figure 28 . A comparison of total inorganic nitrogen recovered after incubation of 150 ppm nitrogen added 
aa ammonium sulfate in a calcareous soil at 7 and 415 bars moisture tension and 25° c 
temperature 
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here that where there was little unoxidized ammonium nitr ogen remaining, 
as was the case with the 7 bars moisture level after 21 days , there was 
very little reduction in total nitrogen recovered, Although the 
nitrates remained constant and no nitrites occurred at the 415 bars 
moisture, there was a consistent loss in total nitrogen which could 
only be accounted for as volatilization of ammonium nitrogen. Appreci-
able amounts of volatilization of ammonium n~trogen has been shown by 
other workers including Wahhab et al. (1957) , Jewitt (1942), and Martin 
and Chapman (1951). These workers have especially as sociated the loss 
of ammonia with the loss of moisture. 'lbey agree that no loss of 
ammonia was observed when the loss in moisture ceased and that the ratio 
of ammonia loss to water loss should remain substantially constant. In 
the present study it >~as observed that the greatest loss of ammonia 
occurred at the highest temperature (35° C) and , as pointed out previ-
ously from table 11, the poorest moisture control was also found to be 
at this temperature. Although there was no consistent loss of moisture 
with time except in the case of the highest moisture (7 bars ) discussed 
previously, there was a mor e nearly consistent moisture loss with time 
in the samples incubated a t 35° C, where the ammonia loss was greatest , 
than at 25° C. It was also true, as seen by comparing tables 9 and 13, 
that the combination of the highest moisture (7 bars) with the hifSbes t 
temperd ture (35° C) sha.ted the greatest loss of ammonia as well as the 
_;reatest loss of moisture with time, In other cases , however, t.IJere 
was a consistent loss of ammonia while under the same conditions there 
was no consistent l oss in moisture . Under the conditions of this study, 
therefore, it was possibl e to show only a very general relationship 
between moisture los s and the loss of ammonia . 
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Summary of Experiment II 
In order to ex ~End the investigation of moisture effects on nitro-
gen transformations to include levels near and below the permanent 
wilting point for higher pl ants , a special aiJparatus was constructed 
to maintain these low mois ture l evels along with contirruous aeration 
for loot: incubation periods. Constant moisture and aeration were main-
tained Qy !E-Bsing a humidified air stream constantly over the samples , 
The moisture l evels used in the study, reported in ba r s moisture tension 
for more adaptability in com~Erisons with other soi ls, were 7, 15, 70 1 
liS and 415 bars. Constant temperature was maintained in two water 
baths, one at 25 and one at 35° C. All sampl es were treated with 150 
ppm nitrogen added as ammonium sulfate , The same soil (Millville loam) 
was used in th i s experiment as in Experiment I. 
Nitrification was completely inhibit8d at 115 and 415 bars mois ture 
tension . At these low moistures there was consider able loss of inor-
ganic nitrogen with time . At 7 bars moisture tension and 25° c, 
nitrification was quite rapid--the 150 ppm applied nitrogen being com-
pletely oxidized in three weeks . At the wilting point for higher plants 
(15 bars tension) and 25° C, nitrification proceeded fairly rapidly with 
over ha l f of the 150 ppn ni tro.;en added as 8J!lmonium sulfate being oxi-
dized to nitrates i n 28 days , Even at 70 bars moistur e tension there 
was a n indication of nitrification at 28 days, 
The higher te mpe rature (35° C) was not condc1cive to rapid ni trifi-
ca tion in this soil . At 35° C nitrite accumulation persisted throughout 
the incubation period at both 7 and 15 bars moisture tension , Nitrate 
formation at 35° C was quite slow and had a pparentl y ceased with only 
50 percent nitrification after six weeks at the 7 bars moisture level , 
There was more effect exerted by temperature on ni trification than by 
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moi sture in this experiment as was also found in Experiment I. 
There was a significant interaction between mois ture and tempera-
ture. The difference between temperature effects was greater a t 7 bars 
moisture tension than at 15 bars. The difference in moisture e f fects 
was much greater at 25° C than at 35° c. 
Since one of the main problems in continuously aerated samples is 
that of maintaining a specific moisture level, the effectiveness of 
moisture control in this experiment was investigated. Moisture deter-
minations by oven drying were made at each sampling date. In general 
the efficiency of moisture control ·11as considered adequate. !.lore pre-
cise control was obtained at 25° C than at 35° C. Better control was 
usually obtained at the lower moisture l evels. The best control, how-
ever, was at 7 percent added moisture (15 bars). The better control on 
moisture at the drier levels was probably due to the fact that the air 
was more nearly humidified to the proper level. 
Since there was a decrease in the total inorganic nitrogen recov-
ered with time at the lowest moisture levels (115 and 415 bars) where 
no nitrification occurred and a negligible decrease at the highest 
moisture level (7 bars) where nitrification proceeded fairly rapidly, 
it was concluded that the l oss in nitrogen from the system was rue to 
volatilization of ammonium nitroeen. 
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GENERAL SUI.!IM.RY AND CONCLUSIONS 
Incubation studies to determine t he effects of mois ture, t empera-
ture , applied ammonium nitro een and their interactions on the trans-
formations of nitrogen were conducted usine a calcareous soil, Millville 
loam , under conditions of both constant and periodic aeration. The 
variables investi gated in these studies included moisture levels ranging 
from 415 bars to 0.3 bar tension , tecperatures from 2 t o 35° c, and 
added nitrogen levels from 0 to 450 ppm ni tro,;en added as ammonium 
sul.fa te. 
The s tudies consisted of two major experiments 1 one with 100 gram 
soil samples contained in sealed pint jars and aerated periodically, the 
other with JJ.J grams of soil in 250 milliliter flasks with a humidified 
air stream providing constant aeration . '!he first e-xperi100nt was 
designed primarily to investieate the combination of relatively high 
moisture levels with low temperatures. In t he second experiment the 
desien was primarily for the cornbina tion of low moi sture levels with 
relatively high temperatures . 
The following observations and conclusions were noted: 
l . Nitrification of applied ammonium nitrogen proceeded at a 
moderate rate at a soil moisture level equal to the wilting point for 
higher plants . There was evidence that nitrification was proceeding at 
a slow rate at a moisture as l01¥ as 70 b!.rs tension. The rate of ni tri-
fication increased with an increase in soil mois ture up to l bar mois-
t ure tension . No increase in nitrification was found between l and 0 . 3 
bar moisture tension llhen other conditions were favorable. It is con-
cluded, therefore, from these studies that the amount of moisture 
between the permanent wilting point and field capacity has less effect 
on the nitrification process than is indicate d in the literature. 
2. Temperature, within the range of 2 to 35° C, exerted con-
siderably greater effect on nitrification than did moisrure levels 
between the wilting j:X)int and fie ld capacity. Some nitrifies tion of 
applied ammonium sulfate was found as low as 2° C after a period of 70 
days, following an extended period of nitrite accumulation. At both 
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10 and 35° C there was a prolonged period of nitrite accumulation along 
with a very slow rate of nitrate formation, indicating a fairly strong 
inhibition to nitrate formation by these condi tion.s. No inhibitions 
resulting in a delay of more than 7 days were noted at 22 or 25° C; 
therefore, the optimum temperature for nitrification of ammonia in this 
soil must lie between 10 and 35° C and probably near 25° C. 
3. In both experiments there was sienificant interaction bet;•een 
moisture and temperarure. :/here different levels of applied ammonium 
sulfate were used, there was also si c;nificant interaction between the 
amount of fertilizer applied and moisture , as well as between fertilize r 
and tenpera ture . 
4. Under the conditions of hit/J'l temperature (35° C) and/or low 
moisture (llS and 415 bars tension) there was a considerable deficit in 
the amount of inorganic nitrogen recovered. Since at these low moisture 
levels no nitrification was shown , it is concluded that this loss was 
due to the volatilization of ammonium nitrogen . 
5. Hi gh levels of a pplied ammonium nitrogen (450 ppm nitrogen) 
resulted in i nhibition of nitrate formation along with nitrite 
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accumulation. This inhibition resulted in a time delay in the nitrifi-
cation process -..hich varied in length, depending upon the other c ondi-
tions for nitrification. 
6 . Significant nitrite accumulation persisting for lone periods 
(up to 56 days) -..ere found at both lo-.. (2 and 10° C) and high (35° C) 
temperatures, especially in the case of high (450 ppm nitrogen) 
ammonium nitrogen a pplication. Because of this nitrite accumulation, 
i t is conc l uded that the nitrite oxidizing organisms are more sensit i ve 
to such adverse conditions than are the ammonium oxidizers . 
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APPENDIX 
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Tabl e 15. Analysis of variance for changes in nitrate nitroGen in a 
calcareous soil incubated at various moistures , tenperatures , 
and levels of nitrogen added as ammonium sulfa te (table 2) 
Sour ce of va ria tion Degrees of Sum of !.lean freedom squares square 
Treatments 26 
Moisture 2 72,206 36,6o3 
Temperature 2 493, 617 246 , 809 
Fertilizer 2 280 , 4 78 140 ,239 
Moisture x temperature 4 45, 824 11,456 
Moisture x fertilizer 4 43,728 10 ,932 
Temperatu re x fertilizer 4 .309 , 6o6 77,402 
Temperature x fertilizer x 
moisture 8 33,223 4 , 028 
Experimental error (a) 27 1,612 6o 
Incubation periods 3 302,477 100, 826 
Treatments x incubation periods 78 755, 672 9, 688 
Experimental error (b) 81 2,777 36 
-
Total 215 2,341,220 
Table 16 . Analysis of va r iance for changes in ni trite nitrogen in a 
calcareous soil i ncubated at various mois tures, temperat ures, 
and levels of nitrogen a dde d as a!!llllonium s ulfate (table 7) 
Source of variation Degrees of Sum of l!ean freedom squares square 
Treatments 26 21,711 835 
Experimental error (a) 27 789 29 
Time 3 1,177 392 
Time x trea tments 78 JJ,l4o 386 
Experimental error (b) 81 2,278 30 
Total 215 56 ,095 
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Table 17. Analysis of variance for changes in ammonium nitrogen in a 
calcareous soil incubated at various moistures , temperatures , 
and levels of nitrocen added as ammonium sulfate (table 6) 
Source of variation Degrees of Sum of lie an freedom squares square 
Treatments 26 5,594,743 215,182 
Experimental error (a) 27 15,339 568 
Time 3 375,248 125,083 
Time x treatments 78 1,064,163 13,643 
Experimental error (b) 81 53,275 692 
Total 215 7 ,102, 768 
Table 18. Analysis of variance for changes in nitrate nitro L>en from the 
incubation of ammonium sulfate in a calcareous soil at 2° C 
(table 8) 
Source of variation Degrees of Sum of Yean freedom squares square 
Treatments 3 17,772 5,924 
Experimental error (a) 4 636 159 
Time 3 208 69 
Time x treatments 9 1,538 171 
Elq:e rimental error (b) 12 729 61 
-Total 31 20,883 
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Table 19. Analysis of variance for changes in nitrite nitrogen from the 
incubation of ammonium sulfate i n a calcareous soil at 2° C 
(table 8) 
Source of varia tion Degrees of Sum of Mean freedom squares square 
Treatments 3 39,041 13,014 
Experimental error (a) 4 89 22 
Incube.tion periods 3 1,345 448 
Treatments x incubation periods 9 1,870 623 
Experimental error (b) 12 1,410 118 
-
Total 31 43,755 
Table 20. Analysis of variance for chances in ammonium nitrogen from 
the incubation of ammonium sulfate in a calcareous soil at 
2° C (table 8) 
Source of variation Degrees of Sum of 14ean freedom squares square 
Treatments 3 6o4 , 765 201,588 
Experimental error (a) 4 l, 700 425 
Incubation periods 3 1,093 364 
Treatments x incubation periods 9 2,052 228 
Experimental error (b) 12 2,026 169 
Total 31 611,636 
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Table 21. Analysis of variance for changes in ammonium nitrogen from 
the incubation of 150 ppm ammonium sulfate in a calcareoUB 
a oil at various mois tures and temperatures (table 10) 
Source of variation Degrees of Sum of )lean 
freedom squares square 
Treatments 3 21,849 7,283 
Experimental error (a) 8 162 20 
Incubation periods 3 27 , So5 9,168 
Treatments x incubation periods 9 4, 8So 539 
Ex!!' rimental error (b) 24 1, 5oS 63 
Total 47 55, an 
Table 22 . Analysis of variance for changes in nitrate nitroge n i'rom the 
incubation of 150 ppm ammonium sulfate in a calcareous soil 
at various moistures and temperatures (table 10) 
Source of variation Degrees of Sum of Mean freedom squares square 
Treatments 
\loisture 1 n , 6S7 11 , 657 
Temperature 1 26, 508 26,508 
Moisture x temperature 1 5,125 5,125 
Ex!!' rimental error (a) 8 809 101 
Incubation periods 3 25,151 8,384 
Treatments x incubation periods 9 10 ,567 1,174 
Ex!!'rimental error (b) 24 1,416 59 
Total 47 81,233 
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Table 23, Analysis of variance for changes in nitrite nitrogen from the 
incubation of 1$0 ppm ammonium sulfate in a calcareous soil 
at various moisturea and temperatures (table 10) 
Source of variation De;:rees of Sum of Mean freedom squares scpare 
Treatments J 19,422 6,441 
Experimental error (a) 8 840 105 
Incubation periods 3 825 275 
Treatments x incubation periods 9 3,959 440 
Experimental error (b) 24 1,801 75 
Total 47 26,847 
Table 2/;, Analysis of variance for changes in nitrate nitrogen from the 
incubation of 150 ppm ammonium sulfate in a calcareous soil 
at 25° C and various moistures (table 11) 
Source of variation Degrees of Sum of Wean freedom squares square 
Treatments 2 !;o, 773 20 ,387 
Experimental error (a) 6 1,064 177 
Incubation periods 1 J46 346 
Incubation periods x treatments 2 232 116 
Experirrental error (b) 6 507 85 
Total 17 42,922 
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Table 25. Analysis of variance for changes in ammonium ni trocen from 
the incubation of lSO ppm ammonium sulfate in a calcareous 
soil at 25° C and various moistures (table 11) 
Source of variation Degrees of Sum of J.!ean freedom squares square 
Treatments 2 47, 554 23 , 777 
Experimental error (a) 6 409 68 
Incubation periods 1 924 924 
Incubation periods x treatments 2 883 442 
Experimental err.or (b) 6 168 35 
Total 17 49 ,938 
